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ABSTRACT 


A training program in the fundamentals and applications 
of integrated circuits has been developed. The program is 
designed for independent study and contains coordinated 
laboratory exercises used to reinforce each subject. The 
exercises are performed on an Analog/Digital Trainer, which 
consists of a group of addules and an integrated circuit 
Breadboard. Circuits described in the individual lessons 
are quickly realized on the Trainer to provide the student 
With valuable "hands-on" experience. Two sections have also 
been included which describe additions to the basic Trainer 


design. 





TABLE OF CONTENTS 


I. INTRODUCTION me ee we oe we oe oe oe oe om om oe we om ome we we we we we we we we ee we oe ee oe oe ow we we ow we we we = w= ava 


A. 


INSTRUCTIONS FOR PERFORMING 


LABORATORY EXER CISES--------------------------- 13 
ile SCO ORM cia Osa SS Sa ae Sasa a= 13 
Peay | DISSESNC: (EYES SON aa ed ee 3 
de) OI eet ens CLEC RON === ~—-—-----—>-—-=— i 
oe Bie ddierimdmennen € SaaS > See sens > cease - 14 
[TL DESIGN CONSIDERATIONS---------------------- 17 
(PLoS SOUmCOM Oo Cuma Cs aa aS ae SSS SSS ope 17 
7 Se Us teat a a Se Sea 17 
SrOMeG SF Upey Consruderatlons==——2=-—-—-- ale, 
De) EnpUteand mount Voltage Levels-------— 18 
Ce UMMisc suites a= = SSS eS SSS Se ae 19 
OPEN-COLLECTOR AND TRI-STATE LOGIC------------- 20 
freee SSOMmO Dace VCS = = = Sa ee 20 
ee Set ote Meee ee er Sea ZO 
SPU ee omy tnnoOrCl seo ao SSS 24 
ae eC etme Sa a SS 24 
b. EXCLUSIVE-OR Circuit------------------- 24 
jee om oe veneet AGC os a= a aS 
(Poti eileen Cee 26 
Petia Seatcs VOG'G BUSS Selector---------- 27 





D. FLIP-PL9PS--------------------------------+----- 28 


ico S Ss OMmUD CC GLOSS = —— == =< = — >= =~ SaaS ee a 28 
Zee ESO les — — == Se 28 
COME nO Do a ee SS SSeS 28 

bee dts cmeolave fl ip-Ehkop--—-=-=-------S-= 30 

LSB CTS USE SU 1 Ol 31 
GLE eNO) ee = = a SS SSS Sea Se SSS ay 

Co BeMOCwecenogmie= == Sa —— === Ss -Ss-—--=SSSS5— 35 

fie See == = Sa SS SS SS B)S. 
DED Otie OF Vat Ome hae SSS Sa Se Sa eS SS 36 
E. ASYNCHRONOUS COUNTERS--~------------------------ 38 
1. Lesson opreemives=-== SSeS Sea Se 36 
202 SCUSiS ON OO 30 


a. Straight Binary and Feedback 


REDD e Miso S— SS SS eS G3) 

b. Directional CountersS----<----<--<------- U1 
Cereal Peon ec Sa a SR a 42 
SD Om eon CGS Ga — ee 43 

eee! CUP RCING Nii a SS 44 

b. Four-Bit Binary Counterr--------------- yy 

Coens) DCMEOnOle COUnLEr ——=-———=—-—----=—-—— dp ty 
rien OU Mets = == ~~ SSS SS 4S 

pe? ee eee he = —— = = —— — — = — <= — = = — — —— = U6 
1. Lesson Objectives----<----<--<--<-<------------ 46 





ZC S SONG ae a Se 46 
(2 OUuLO- Tes ynelcOnOus COounters-—---—————— 7 
De como yACHhronous Counter S=—-=-=---—---—--=— 48 

Cc. Combination Synchronous 
MS VNCVEOroOuUs CcOUNtC Ch S==—=-=—--—-—————-—— 49 
Gee) Wie eon Cc ks ———— += = =~—+-— === S--+=--— 50 
Big IBSUO IRE SVE) 1 SNE OLS SS Na aN II aA 
Oe BoGUa lS = Se oe = Sa 51 
DD elOduho- Umno vmietnonous COUN tTCr=-—-=—-—-———-— 52 
Ce DOD cn GOnmouSs COUN ter—=—-—---———-——-— 52 

d. Combination Synchronous 
Asynchronous oe fee Se HSS tees ee 5) 2 
oe Lino “eounters-==---<+--- Se ee DIV 
G. SHIFT REGISTERS-----------~---------------~----- 54 
ene o> ONO MOC VCC == ara == —— = = SS oy 
2 ORS 54 
Ge Beste Shiite Register Classifications--- 54% 
Dea eo ieemc: — ONL Cr Seam a a ee me ea 58 

Cc. Pseudo-Random Binary Sequence 

Come Gut ma a === = a SO ae 59 
3. Laboratory ExercisSes-rrr- re-set rrr r te 6 1 
Bo TRIGA JOS a 64 


b. Shift Counters and Pseudo-Randon 


Sete er 6 1 





DECODERS--------------------------------------- 63 


eS SOUeOD gC Gt VCS == =~ aoe = ee 63 
PP OCU GCS LOR pa eee SS 63 
SD eo dave Die COU tS === > = =~ == 63 
De LOCCEEN aS OMCs —— SS == Soa SSS 66 
Se) Olea BOR \eNEnee h G1 SOS >= ——S—= == =S=—>>>>———-— 67 
a EOC —— = — a SSS = === 68 
be Ebocme Decod ersae—-=SS>-—--------=-+----=- 6§ 
OP-AHP CIRCUIT DESIGN-------------------------- 69 
lee Scon: OD jee Gay OS—— —— === —— == So —=—===— = 69 
Reh Se) Weg a ee oS, 
a. Open Loop Voltage Sain == === - oe 69 
DOCU RCC waa ea ea Sa Se ee SS 71 
City ema OGahC C= SS > ———SeS SSS SoS HSS UE 
Giese ALG IE TS OMOEE So Eh CNS Mal 0 ON Sa aaa a al codec 76 
Sow ANNES Sk RSMo SA 1 OM8 Gh 25 = ala a 76 
Peotone CU MCU WieOt Gea a a 77 
GP COMMOMmAOCe HRe VOCLLOQn= === ———==—— > —=—-= = 78 
Whe SBD II 78 
Se ore ee oe OMS aa 82 
a. inverting Amplifiers—---—---—-—-----------~- 82 
POM icme EG ipl ft l1ces———-——=—-——-—-——= 36 
eee Sacpime SN) ate Yee el o1 
i Reape 6 a= = == 91 





Peon ever tans OP hen Se oz 


II. ADDITIONS TO THE ANALOG/DIGITAL IC TRAINER------~-- 94 
A. MAIN FRAME POWER SUPPLY------------------------ 95 

1. nO CUNEO agm ae ee 95 

POD CMe Ole Sa aie aS ee Sees SS ee ele 

SE OCC hi eal S ea aS == SS SS Sass SS SeS— => 96 

ji eeetee D1 ee DiOSChinpilOm = == — = =— SSS SS a eS Se SSS 96 

B. BINARY DISPLAY/LOGIC PROBE MODULE------------- 100 
(Pee OdUCCMON ee eat aa aS SS See eae eS = 100 

Ze OG di lOMan a eg = Ga a a eee 100 

SOC Cli MeimnON Gc. qa = = = een 

Te Cracinines eseralpytLon————— === S-——- —- a SaS= 102 
BIBLIOGRAPHY---------------------------- e- -------------- 105 
INITIAL DISTRIBUTION LISI------------------------------- 106 





ACKNOWLEDGEMENT 


The author gratefully acknowledges the direction and 
guidance of his advisor, Professor R. Panholzer, luring this 


and other related projects. 


10 





I. INTRODUCTION 


ee, he 


The nine sections that follow were designed as separate 
instructional packages to reinforce the students knowledge 
of the fundamentals and applications of analog and digital 
integrated circuits (IC's). Each lesson can be accomplished 
in approximately 1-3 hours. The lessons begin with stated 
objectives, followed by a discussion of the circuit and its 
Qowedcatleonhewes PheweEansSiStOr—transistor Logic (IIL) family 
of digital circuits is used exclusively due to its industry 
wide acceptance. Laboratory exercises are included in each 
lesson and are accomplished on an Analog/Digital IC Trainer 
pictured on the following page. The Trainer consists of a 
Main Frame, plug-in modules and an Ic Brreadboard. The 
modules called for in the lessons are plugged into the 
Trainer and IC's are interconnected through the use of the 
breadboard. Reference 1 contains a detailed description of 


the Trainer. 


11 













7 #3 SuERATOR K ‘ , 5 s : vO LER mammal alee 
ch geecset* § A ¥t = he : 


osteo ; . 2 ee as 


o Ai) 





oS’ 


ANALOG/DIGITAL INTEGRATED CIRCUIT TRAINER 
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Wet NotnRucCtTIONS FOR PERPIRNING LABORATORY sXERCISES 


1. Lesson Objectives 

The primary objective of this lesson is to make the 
laboratory exercises that follow easy to perform. The 
exercises were all designed to enable the student to retain 
the key points of each lesson by reinforcing thesa points ia 
a "hands-on" laboratory exercise. AS is often the case, 
hardware problems involved in performing a iab exercise 
usually obscure the original goal. It 1s sincerely hoped 
that this lesson will elininate these "cockpit" probiems and 


clear the way for an efficient learning experience. 


Someone once said, "If all else fails; read the 
mastructions". This 1s especially true in this case. 
Before using the Analog/Digital Trainer take the time to 
read the Trainer Instruction Manual [Ref. 1]. In it, each 
module 1is described in detail along with its proper 
Operating procedure. MOSt© IMpertant, a gGo=me@=go test 1s 
given for each module which will enable you to quickly 
determine if the module is operating properly. This will 
Save you many hours of trouble-shooting a problen circuit, 


when all along the equipment was faulty. 


a. Power Supply Selection 


After reading the instruction manual and 
beconing familiar with the available modules, you are ready 
to gather up the necessary equipment to perform your first 
lab exercise. All the items that you will need for the 
exercise are listed in the Ezyuipment section of each lesson. 
Note that there are two different Main Frames available. 


One is marked "5 AMPS", This indicates the max current that 
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the 5 volt power supply is capable of providing. The 
unmarked Main Frames are rated at 1.75 amps. Most of the 
lab exercises can be performed safely on the lower rated 
power supply. If you plan on using more modules than called 
for in the lab exercise, or if you expand the number of 
devices connected on the breadboard, ensure that you do not 
exceed the power supply rating. If in doubt, add up the 
current arawn by each nodule and the total current needed 
tor the devices connected on the breadboard. Each module 
reguirement is listed in the inStruction manual. While both 
power Supplies are protected from overload and Short 
Gircuit, it is not necessary or desiraple for you to test 


these features. 
b. Breadboard Hints 


The Breadboard is the next item that can cause 
you problems ate you are not aware of how it is 
interconnected. Remove the Breadboard from the Main Frame 
and observe the back side. Notice that the pins marked "Vl 
are interconnected in rows along the pbotton side of the 
board. This enables you to use IC's of different voltage 
rating, as long as they are Segregated by rows, and if the 
rowS are connected to the proper voitage through jumper 
wires. If all the devices used will be of one voltage 
micing, jumper the rows together at the right side of the 
Woard. Do this at the start, as it is easy to forget to 
power the devices. This simple step will save much 
trouble-shooting time later. <A word of caution. [ff 5 volt 
and 15 volt devices are used together, it is advisable to 
mack the higher voltage row with a piece of paper stuck on 
the pins in that row. tfhis should preclude installing 5 
volt devices in that row. A TTL package will operate for 
about 1 nano second on 15 volts, before it ceases to 
muuCtLON . 


The wiring hints that follow might seem too 
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basic and not worth mentioning. However, experience has 
shown that it is time consuming to detect a wiring error in 
a modest circuit with four to six IC's and almost impossiole 
in larger circuits. The procedure recommended will add only 
a few minutes to the wiring of a circuit, but could save 
hours of trouble-shooting. With Uarge “cirecults, it 2S 
usually much faster and easier to find a wiring error by 
removing all the wires and starting from the begining. 

The individual socket pins are nunbered with two 
rows of numerals. The inside row goes fron 1 to 7 on one 
side, and 8 to 14 on the upper side. This inside@ row is for 
use with 14 pin devices, while the outér row of numbers is 
for use with 16 pin devices. The dual in-line package (DIP) 
has an indentation or other marking over pin 171 on the 
device. The pins are numbered counter-clockwise from pin 1 
locking at the top of the device. As you can imagine, it is 
important to insert the DIP in the socket properly so tne 
pin numbers match those on the board. The wost frequent 
cause of wiring error comes about by using the wrong row of 
numbers. Before each connection is made to a DIP, observe 
the package size. If it is small {14 pin), use the inner 
rows; if large (15 pin}, use the outer rows. 

For large circuits (8 or more IC's), it is best 
memestart With a connection diagram of the circuit showing 
pin numbers for each Ic. The IC's are installed in the 
breadboard in such a way as to minimize the distance between 
packages that must pe interconnected, while maintaining the 
proper voltace row. 

All wiring and IC installation is ts be done 
Wito the power switch on the Main Frame turned off. The 
first step in wiring should be to connect the ground and "V" 
lead to each IC. Using a colored pencil, trace over each 
line on the connection diagram as the leads are installed. 
Meee is best to riin a lead direct from each IC to ground or 
mu) 6Lateer than using the ground or "V" lead of an adjacent 


package. While tnis type of interconnection is electrically 
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sound it makes trouble-shooting almost impossible. 

After the power leads are connected to each IC, 
it is advisable to turn the power switch on to ensure that 
no shortS are present. It is easy to correct the problem 
now before the other wires are installed. If ail is well, 
turn off the power and continue with connecting the rest of 
ene Circuit. 

Select the next circuit that is common to all 
mae rC'’s, like the clock circuit. Interconnect this circuit 
tracing over each wire on the connection diagram as it is 
installed. Ina Similar manner complete the circuit a 
common branch at ae time. fhe final step should be’ the 
interconnection of the modules for clocking or display etc. 

This step by step method will almost guarantee 
Success and allow you to proceed with the exercise in the 


minimum amount of time. 
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Pees LiL DESIGN CONSIDERATIONS 


1. Lesson Objectives 
The electrical characteristics of TTL integrated 
circuits must be thouroughly understood by the desiginer to 
enable him to design efficient and dependable circuits. 
This lesson is a gathering of the more important electrical 
characteristics and design considerations that are essential 


Mmieadttaining this goal. 


2. Discussion 


oF aoe a Qo mE fe Gwe eS Se = 


a. Power supply considerations 


Tne TTL family of integrated circuits needs a single 
5-volt positive supply that is well regulated. The maximum 
Variation allowed is +250 nV. Because the totem-pole output 
iemeused in most TTL IC packages, a large current spike is 
produced which couid effect the operation of other IC's 
connected to the same power supply. To prevent these 
current spikes from traveling through the supply lines, 
despiking capacitors are used. These capacitors are disc 
type, with a vaiue of 0.1 to 0.01 mfd. As a general rule, a 
despiking capacitor is used for every 2 medium scale 
integrated (MSI) packages 'Ref. 2]. They are mounted close 
to the IC's, using the shortest possible lead lengths. The 
power distribution system must have low inductance to 
prevent the interaction of TTL components witn each other. 
On a printed circuit board this can be achieved by uSing 
wide runs for the supply and ground lines. The runs should 
be one quarter inch or more in width. A good practice is to 
use a ground plane system where the maximum unusad portions 
Memene DOaAarad are made part of the ground systen. This 
reduces the length of despiking capacitor leads and also 


prevents ground loops from being formed. 
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b. Input and Output Voltage Levels 


The input and output voltage levels needed for 
proper operation of TIL gates must be cleariy undérstood. 
For logic level "0", the maximum voltage permitted at the 
input of a standard or high speed TIL gate is 0.8 volts. 
Voltages above this will cause the gate to oscillate or stay 
in its active region. The maximum logic level "0" output 
voltage is 0.4 volts. This allows the output to be directly 
connected to the input of another TTL gate. The output 
low-state also has the capability of sinking 16 mA. This is 
refered to as a fan-out of 10, Since when one input gate is 
grounded, about 1.6 mA of current flows through the 
grounding lead. The output-high state or logic level "1" 
has a minimum voltage of 2.4 volts. The mininum input-high 
is 2 volts. If two gates are cascaded, the output high will 
provide 2.4 volts into the input or, 0.4 volts more than is 
needed by the input. This same 0.4 volt margin is provided 
for cascaded gates in the low state. Figure B-1 graphically 


displays these voltage levels. 





45.0 ————_--—___—__—- 
TE], TE 
ay Li / | 
TRANSITION TRANSITION 
EU ip i oy 
AB V2 38 OULU EL 


Piers leat ENPUY AND OUTPUT VOLTAGE LEVELS 
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c. Unused Inputs 


An unused and unconnected TTL input will pull 
itself to a high or logic level "1" state, and be highly 
susceptible to noise. It is good engineering practice to 
tie all unused inputs to #5 volts or to a logically Similar 
maput. The proper chdice depends on the type of gate 
involved. Ail unused NAND, OR, AND inputs Should be tied to 
a used input of the same gate. This should only be done if 
the high level fan-out of the driving circuit is not 
exceeded. Ail unused NOK or OR inputs are tied to ground or 
a used input of the same gate. Again, this later connection 
should be made oniy if the fan-out of the driving circuit is 
not exceeded. To provide a permanent logic level "1", 
Gounect the input to +5 directly, or to +5 through a tk ohn 
resistor. The resistor will act as a current limiter to 
prevent damage to the input circuit in the event of a 
positive voltage excursion. A permanent logic level "0" on 
an input 1s easily provided by tieing the input to ground. 
Reference 3 recommends that the outputs of unused gates be 
forced High by tieing all NAND or NOR gate inputs to ground. 
This lowers the power dissipation and supplies a logic High 
at the gate output which can be used at unused inputs to 


other gates. 
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Gre OPEN=COLLECPOR AND TRI-STATE LOGIC 


1. Lesson Objectives 
Tiemetotem | PGLeneOutDUt cireuit of [TL will be 
reviewed to point out the hazards involved in using this 
family or digital LOjitGupcarewitsS an a wared “Logie 
configuration. Safe implementation of wired logic will be 
explained using open-collector and Iri-~State logic families 


With examples given for each. 


2. Discussion 
Wired logic is the term given additional logic 
functions obtained by connecting the outputs of several DTL 
Cr open-collector gates together. An example of wired logic 
2S Shown in Figure C-1. ‘Connecting the outputs of two dual 


input NAND gates together produces a wired-AND. 


A x 
B 
x 
C X2 
D 


FIG. C-1. WIRED LOGIC 


With X1=AB and X2=CD the wired output X will equal (AB) (CD) 
Or ABt+CD. Untortunately, some engineers have attempted to 


carry this type of gate interconnecting over to fiIL 
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Smecusts. The majority of TTL packages utilize an active 


totem pole output circuit as shown in Figure C-2. 


+5 
100 


Pr os 


$ 


IN Q2 ; 


OUTPUT 





PUG Cw Ol EM POLE OUTPUT 


In this circuit Q2 acts as a phase splitter with its 
collector voltage out of phase with the emitter voltage. 
When Q2 is driven into saturation Q4 is turned otf and Q3 is 
turned on. This grounds or sinks the output resulting ina 
low state. This grounding in the low state is why TTL is 
sometimes refered to as current sinking logic. If Q2 is 
turned off the voltage at its collector rises driving Q4 
into saturation and turning off Q3. With no Load connected, 
the output will increase to Vcc minus the transistor voltage 
drop or about 3.9 volts. During the transition from low to 
high, or vice-versa, both transistors conduct heavily and 
the current is limited only by the 100 ohm resistor and the 
Gcmbined voltage drops of transistors Q4 and 05. Since the 
transition is very fast the current spike, which is usually 
10 times the normal supply current, lasts for only 10 
nanoseconds. LT£ we connect the outputs of two different 
gates toyether, aS in wired iogic, we have a problem when 


the outputs try to assune different states. The low output 
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will ground the five volt power supply through the high 
output. Eecause of the 100 ohm resistor and various 
transistor voltage drops, the current will be limited to 
approximately 41 mA. This is enough to destroy the output 
transistor of the high logic gate. For this reason wired 
logic must never be used with active totem pole output 
errcuits. 

Most of the DTL famiiy and some TTL components 
utilize the open-collector output circuit. AS an example, 


an open-collector NAND gate (7403) is shown in Figure C-3. 


+5 AG 
(jan 2.2K PULL-UP 
/ \ Gl REST SLOR 


. . ‘6, OUTPUT 


PiGeeeecoso cme NAND GALE OPEN COLPECTOR 


With this type of output circuit wired logic may be used 
provided a 2.2 kK ohm pull-up resistor is added as shown. 
With this circuit any number of open-collector outputs may 
be connected together as the gates can only pull the outputs 
down, not up. The output will swing positive only when none 
of the gates are pulling down. 

Problems arise when using several gates in the wired 
logic configuration. First, the noise immunity of the basic 
gate 1s decreased as the number of gates tied together 


increases. Second, system speed is reduced as resistor 
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pull-up Can never be as fast as an active totem pole output. 
Third, and the most important problem of all, there is no 
easy way to trouble shoot a point that has several 
open-collector gates tied to it. If one gate is defective 
the entire circuit appears defective and isolation can mean 
component removal, foil cutting or wire unwrapping. These 
problems along with the increased need for circuits shere 
Many logic gates had to "talk"' to each other over a common 
earty line’ or system buss brought about Tri-State logic. 
The third State in Tri-State logic is an open 
@upecurt. rhe device, in addition t9 its normal input and 
output connections, has an output enable control line. With 
Emescontrol line High the output of the gate behaves as an 
@eadindry f£rL gate with active totem pole pull-up for High 
logic and current Sinking puli-down for Low. When the 
control line is deactivated, the gate is disconnected fron 
the output and the output buss is free to assume a High or 
Low state without interference from the connected Tri-State 
meee. One example of an application of [ri-State logic is 


Shown in Figure C-4, 


BUSS 


ht LoL KA 
ae os 


1 2 3 4 es C D 
INPUTS | OUTPUTS 


Certo OUAD BUYFER SELECTOR 
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Here, two Tri-State quad buffers (74125) are used to select 
one of four possible inputs to one of four possibie outputs. 
The input desired is selectively enabled as is the output. 
Care must be taxen to only enable one input at a time. [If 
more than one is enabled simultaneously the outputs are 
shorted and, aS with conventional TTL, damage to the IC is 
almost assured. 

There are presently over 15 Tri-State logic packages 
to choose from in TTL as well as CMOS. While Tri-State wiil 
not solve ideal design problems involving common bus 
configuration, understanding its operation 1S an important 
Meol allowing a greater flexibility in digital circuit 


design. 


Se Lab 





To further increase your understanding of wired 
iewre, itri-State logic and open collector output packages, 
perform the following lab exercises. Prior to setting up 
Saeme Circuit Jook up and study the device spacification 
sheet in one of the company manuals {Ref. 4], This simple 
procedure wili vastly improve your knowledge of integrated 


Grecuits. 


a. Equipment 


Analog/Digital IC Trainer 

IC Breadboard 

Clock Module 

Switch Module 

Digital circuits device manual 
Oiemeaecnemy GOUT FH0s5 7404 > 7486, 74125 


Resistor 2.2 Kk ohms 


b. EXCLUSTVE—OR Circuit 
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Makeertne SB iollbowing Circuit Connections and 
verify the EXCLUSIVE-OR truth table. Note the 7403 is a 
quad two input NAND gate open collector output so wired 
logic is allowed. The EXCLUSITVE~OR is sometimes called a 


guarter adder because it performs binary addition. 


2 
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ol > 


7403 7404 
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Cuueesemary Halt Adder 


Modify the EXCLUSIVE+~OR circuit as shown to 
peoguce a binary half adder. Verify the truth table. The 
half adder is capable of generating a carry output but falis 
Short of true binary addition because it provides no carry 
mee. 6 CTH 6M adder, ihn the next circuit, will solve this 


problen. 
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7403 THO 


fC ee or BINARY HALF ADDEZR 


Ga sinary 2ull Adder 


To Simplify the construction of a full adder the 
7486 quad £XCLUSIVE-OR gate will be used. Construct the 


following circuit and complete the truth table. 


CARRY 
IN 





eG =). BINARY FULL ADDER 
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Co tri -State Logic Buss Selector 


Construct tne following circuit uSing the 7486 
Tri-State quad buffer. Apply clock output "C" to point A. 
By selectively enabling lines 1 thru 4, the clock output can 
be routed to one or wore places. TRS erecult,. dltinougn 
very simple, will be useful in later projects where clock 


Signals must be injected at various points in a circuit. 


BUSS 


LS \A (VA OMAR 2486 


1 2 3 4 


A Xx Ne Z 
CLOCK : TO DISPLAY MODULE 


Pewee aO ey kha oe Atha LOGLG BUSS SELECLOR 
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Pee FLIP-FLOPS 


The objectives of this lesson will be to investigate 
Seren operation of flip-flops (FF‘s)}, starting with the basic 
eo, «COEF. Special emphasis wiil be placed on the clocking 
action of clocked FF's, with timing diagrams used to explain 


the difference petween level and edge clocking devices. 


2. Discussion 


ee 


dahon o= Flops 


A flip-flop is a pDinary memory device found in 
computers and other seguential logic circuits. ieee Ses 
bistable, which means it has two stable states and usually 
nao two Outputs. The outputs are the complement of each 
other. The simplest type of FF calied a Set-Reset flip-flop 


is shown in Figure D-1. 


SET 


!} 


RESET 


PUG ool ete RESET FLIP=eLOP 


If both inputs are left positive, the circuit stays in the 
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Original state. If the Set input is momentarily grounded, 
the circuit goes to the state with Q output positive and the 
output grounded. If the Reset input is momentarily 
grounded, the circuit goes to the state with the Q output 
grounded and the 0 output positive. When both the Set and 
Reset inputs are Simultaneously grounded, the flip-flop goes 
into a dissallowed state condition in which the outputs are 
both simultaneously positive. Since the final state cannot 
be predetermined, this condition is normally avoided. 

This simple circuit has several limitations 
which prevent it from being commoniy used. First, its 
output changes immediately after application of the inputs. 
This precludes its application in sequential circuits where 
changes in the propagation delay through many flip-flops 
would cause race conditions and undeterminable outputs. 
Second, the device has a disallowed state when it is 
instructed to Set and Reset at the same time. The two 
limitations taken together preclude using the FF as a binary 
divider or a sequential storage element. In Figure D-2, an 
input gating circuit has been added to produce a clocked RS 
mero -t lop. 


s 
Q 
R es 
Q 
CLOCK 


eee eae CLOCK 30] KS) FELLIP=FLOP 





This modification allows us to change the output only when 
the input data and the clock pulse occur Simultaneousiy. 
The other problems remain however, and if several stages of 


this circuit were cascaded together, as in a shift-register, 


a critical race would Seer when all the clocks 
Simultaneously went positive. The data wouid run through 
all stages instead of one Stage at a time. The problem 


could be solved if the clock pulse duration were made less 
than the propagation delay so that the data would then be 
transfered only one stage at a time. While this will work, 
the clock pulse width would be very critical and temperature 


dependent. 


b. Master-Slave Flip-Flops 


To solve the race problems associated with tne 


emecked RS flip-flop, the circuit of Figure D-3 is used. 





BLOCK) > 


Pic me eS Lek - SLAVE oFLEP-rLopP 


Here, two clocked RS flip-flops have been cascaded with 


their clock inputs driven complementary. When the clock is 
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low, data is accepted oa the first, or master, stage. When 
the clock goes high, the contents of the master stage is 
transfered to the second stage, called the slave. The slave 
cannot caange until long after the master has completed its 
Changing; therefore, the possibility of a race condition is 
eliminated, The MNaster-Slave type FP can be easily cascaded 


to pass data, one stage at a time. 


Ceeeor! FlipFlop 


The "T" FF or TIoggle FF is shown in Pigure D-4, 


&\ 


CLOCK 





Geese oF tPF TOP 


The outputs of a master-slave FF have been cross-coupled to 
the inputs. This causes the outputs to change once for 
every two changes of the clock pulse, hence the circuit 
Performs binary division. As will be snown in later 
lessons, this circuit can be eaSily cascaded to form a 
binary counter. Notice that a clocked RS FF could not be 
used in this circuit as a critical race would result. Since 
the "T" flip-flop is so easy to make from a master-slave 


flip-fiop, it is not offered separately as a TTL component. 
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Gla ce [RIESE orig Iie e 


The master-Slave FF solved the race problem of 
the RS FF; however, the problem of the disallowed input 
state was not corrected. The JK FF solves this problem hy 
causing the flip-Zlop to toggle when both the J and K inputs 
are high. The truth table for the 7476 JK FF is shown in 
Figure D-5. 


CLOCKED INPUTS: DIRECT INPUTS 


PRESCS | PRECLEAR 
0 0 






DISALLOWED STATE -- 
DO NOT USE 





CLOCKING OCCURS WHEN CLOCK LINE GOES TO LOW LEVEL. 
DATA ON J AND K LINES A\AY NCT 3E CHANGED EXCEPT 
IMMEDIATELY AFTER CLOCK GOES LOW. ONLY 

ONE CHANGE PER CLOCK CYCLE IS PERMITTED. 


(A) Clocked inputs. (B) Direct inputs. 


FIG. D-5. OPERATING RULES FOR THE 7476 FF 


The 7476 is a level-triggered, JK Master-Slave FF with 


preset and preclear Bern Mite 2 The meaning OF 
"level-triggered" will be described in the foilowing 
section. 


Figure D-5 shows that if both the J and K inputs 
are grounded, nothing happens when the clock goes to the low 
level. If the J input is made positive and the K input is 
grounded, the Q output goes or stays positive when the clock 
goes to the low level. fhe 1 on the J line is passed to tne 
-Q output and can be thought of as the Set input of the kS 


FF. If the J input is grounded and the K input is made 
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positive, the Q output goes or stays grounded when the clock 
goes to the low level. The K input can be thought of as the 
Reset input on the RS FF. The last possibility is when the 
J and K inputs are hboth positive. In this case the Q output 
changes when the clock goes to the low level. fhe circuit 
acts as a "7" flip-flop or a binary divider. 

The direct inputs on flip-flops are used to 
clear a counting circuit to zero, or to enter a fixed number 
at the begining of a counting sequence. Figure D-5 shows 
that if both the Set and Clear inputs remain positive, the 
FF will operate normally as just described. If only the Set 
input is grounded, the FF immediately goes into the state 
wiere Q is positive and 9 is grounded. If on the other hand 
the Clear input is grounded while the Set remainS positive, 
the FF immediately goes into the state where Q is grounded 
mano is positive. If the Set and Clear inputs are 
Simultaneously Grounded, a disallowed state condition 
exists, where Q and Q will no langer be complementary. This 
condition sShouid be avoided. Yhe key point to remember 
about direct inputs is that they dominate all other inputs 
and the clock. They effect the output immediately, and for 


this reason are often refered to as asynchronous inputs. 
e. Clocked-Logic 


Let's digress briefly to investigate in detail 
just how the clock effects the operation of clocked-logic. 
There are two basic types of clocking, level and edge. In 
mevel clocking, the state of the clock being a "0" ora "1" 
Carries out the operation of the FF. In edge clocking, the 
ememee of the clock from "0" to "i", or vice versa, 
completes the action. 

| In level-clocked logic, if the data is allowed 
moechange more than once, or at random, probleas can occur. 
Normally, 1£ the device is called a Master-Slave type, it is 


level clocked. Figure D-6 shows a timing diagram of three 
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different types of JK FF's. All have the same clock and JK 


inputs; however, the outputs are quite different. 


| 
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FIG. D-6. FLIP-FLOP TIMING DIAGRAM 


The 7470 is a positive edge triggered JK flip-flop. The 
timing diagram shows that it toggles only when the J and “*K 
information is present immediately before the clock pulse 
Goes Hign. During time period 2, both J and K inaputs are 


High; however, since they went low before the positive edge 
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of the clock pulse, the output did not change. The negative 
edge triggered FF operates Similarly as shown in the trace 
of a 74H103. Because both J and K inputs are High in time 
period 3, the 74H103 FF will toggle when the negative edge 
Ome the clock occurs. NOWomLOOK mats the Sievel “clocked 
Master-Slave FF shown in the last trace of Figure D-6. If 
we recall from our earlier description of a master-slave 
device, information is transfered into the master stage 
during a High level and then passed to the slave stage 
Guring the following Low ievel of the clock. We see in time 
period 1 that the J input is High for a fraction of the time 
period. This is long enough to "load" the master and 
subseguently cause the FF to toggle when the clock goes Low. 
The FF was able to "reaember" that the J input was High. 
For this reason a very iuportant rule should be observed 
when uSing level-clocked logic. The rule states; "On any 
level-clockxed logic block, the input data cannot be changed 
or altered except iwmediately after clocking occurs. At 
that time, it can be changed only once." AS a result of 
this restriction, level-clocked devices should be provided 
With continuous logic inputs such as hard-wired 1's or O's. 
If this 1s not possible the inputs should come from a source 
that is clocked identically to the FF receiving then. 36 
the input data is continuously changing at a random rate, or 
1S comming from some other non-Synchronous source, an 
edge-triggered devica should always be used for at least the 
first stage. An edge-clocked logic block may have its input 


data changed at any time. 
iS DNase Ab eset adie) 9) 

Vice lips shoo aS USed primarly as an element 

in a memory, storage or shift-register. The "D" stands for 


data or delay. It can be easily made by adding an inverter 


mond JK £lip=-flop as shown in Figure D-7. 
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CLOCK 


BiG oe (eee Leer LOP 


The K input is always the complement of the J, thus only one 
input is needed. If the "D" input 1s positive, the Q output 
goes or stays positive when the clock changes. If the "Dp! 
input is grounded, the Q output goes or stays grounded when 
the clock changes. "pt FFis are normally edge-triggered 
devices and are availabie in pairs in the 7474, or in 


quadruplicate in the 74175, and by sixes in the 74174. 


3. Laboratory Exercises 

Since the FF is such a basic building block of 
digital circuits, it is offered in many IC package formats 
that give the deSigner the choice of the type of FF, method 
OF clocking, pinout, and the number of FFts per package. 
BE" s will be used extensively in the following lab 
exercises, so the actual connection of FF circuits will be 
delayed until then. In preparation for those exercises, the 
following exercise should be performed. 

Using an IC Circuits Manual as a reference source, 
construct a table of information for the 7400 series of IC 
Pe's. Label the columns with the device number, Starting 
with the rour most common FF's; 7473, 7&74, 7476 and 74107. 
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Label the remaining colunns 7470, 7472, 74104, 74105, 74110, 
and 74111. Tne rows of the table should be labeled as 
follows: Type (JK, D, etc.), Clocking, Supply pinouts 
(standard or non-standard), Package (14 or 16), Devices per 
package, Direct set (yes or no), Direct clear (yes or no), 
Restrictions (on input changes, etc), Max frequency and 
Power consumption. You will learn a great deal as you 
compile this table, and additionally it will serve as a 


ready reference for future lab exercises and design work. 
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Eee ASYNCHRONOUS COUNTERS 


This lesson will discuss the advantages and 
disadvantages of asynchronous counters and several examples 
of asynchronous modulo counters will be described. The 
construction of counter circuits uSing medium scale 


integration (MSI) IC packages will be explained in detail. 
2. Discussion 


ASynchronous counters, also known aS ripple or 
serial counters, use the output of a counting element to 
drive the input of the foliowing counting element. The 
elements most often used are flip-flops (FF's) operating in 
the toggle mode, which means they change state with each 
clock pulse. Generally speaking, ripple countars reguire 
jess external gating to perform a desired function as 
compared to synchronous types. The main disadvantage of 
ripple counters 1s that the propagation delays through the 
individual elements are additive. This means that the last 
element in a long high-speed counter is considerabiy out of 
phase with the input of the first stage. For example, 
consider a counter operating at 20 MHZ and using 10 FF's of 
the 7476 type. The typical propagation delay per element is 
listed as 25 nano-seconds (ns). The time required for the 
input pulse te propagate to the output is 250 ns, yet there 
is only 50 ns between input pulses. During this ripple or 
settking time, any internediate states will be invalid. [In 
Spite of this problem, ripple counters are very useful for 
Straight frequency division, and are exceilent for 
high-speed counting that must be read out after the count is 
completed. 

Flip-flops were discussed in detail in the previous 


lesson, including the difference between positive-level 
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clocking and negative-level clocking. As a rule of thumb, 
negative-level clocking or negative-edge clocking FF's are 
used in ripple counters to allow the dropping of a previous 
stage to continue the count sequence. For this reason, the 
7476 dual JK negative-level-triggered FF was selected as the 
bullding block for the circuits in this lesson. Other 
suitable FF's are the 7473 or 74107. The truth table for 


the 7476 is shown in Figure E-~1. 


CLOCKED INPUTS: DIRECT INPUTS 


3 K J} CLOCK OUTPUT Q 


DISALLOWED STATE -- 
DO NOT USE 


STAYS THE SAME 


] 


NORMAL 
CLOCKED OPERATION 


ale 
Tas 0 
Be 
“ie 


CHANGES TO OPPOSITE 





CLOCKING OCCURS WHEN CLOCK LINE GCES TOLOW LEVEL. 
DATA ON JAND K LINES MAY NOP BE CHANGED EXCEPT 
IMMEDIATELY AFTER CLOCK GOES LOM. ONLY 

ONE CHANGE PER CLOCK CYCLE IS PERMITTED. 


(A) Cliocked inputs. , (B) Direct inputs. 


iG eat nee CALS POR A TTL Juss 


Because we will be using a level=-clocking logic block, the 
input data (J and kK) cannot be changed or altered except 
immediately after clocking occurs. At that time it can only 
be changed once. This very important restriction prevents 
unwanted states and erroneous counter operation. fo Satisfy 
mies ELestriction, the J and K inputs will be "hard-wired" to 


Hogic level "1" or "O", 


a. Straight Binary and Feedback Ripple Counters 


Ripple counters fall into two qroups: straight 


binary or feedback counters. The straight pinary counter 


Se, 
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divides the input by ge , where nis the number of elements 
Gues FF'sS. The 2 outputs of each FF represent a natural 
binary number with the first FF representing the least 
Smonaiicant figure. There is no limit to the number of FF's 
that can be added. Figure E-2 shows a four element straigat 
binary ripple counter. Note that the J and K inputs are 
hard wired to logic level "1" which forces the FF to toggle 
each time the clock drops toa "0" level. The hard wiring 
of the inputs also prevents changes which could cause 
erroneous operation. The preset and clear lines are also 
Maintained at logic level "1" in accordance with the 7476 


meutn table of Figure E-1. 
mit 
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IN 





NODE om iMerect set ana=cClear connected High. 
yo ee A 


COUNT SEQUENCE TABLE 


epaC acer mame oO ep Decimal 
O07 0470 Q OO OL 8 
at 10) 1010 1 iO One 9 
0-10.20 ez OT 07i 10 
ss are Oe 6 3 le OS 1a 
001 0 yy OO mae ie 
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ice ees tne loin BaNARY REIPPLE COUNTER 


This is a four bit binary counter which will divide tne 
input pulse stream by 16. The natural binary numbers 
meoauced by this counter are rather difficult to handle and 


decode, so the counter is modified into another form using 
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feedback. The feedback counter or modulo counter will count 
to a certain programed number, and then reset, stop or 
recycle itself automatically, The modulo of a counter is 
Simply how many states the counter goes through before 
repeating. <A decade counter has a modulo of ten. Figure 
E-3 showS a typical f2edback counter. The count Sequence 
table shows that the feedback provides for a count in binary 
coded decimal (5CD) format. 





A B D 
Wyn , I Q'| Q S Q 
CLK Poti e 
IN » i = 
Q Q Q 
CLEAR + 
{| 


700 


NOTE: Direct Set connected High. 
All FF's 7476 


Count Sequence Tcble 





PG loom Too OGACK REPPLE BCD COUNTER 


bau DELect 2onal Counters 


The counters described so far are up-only 


4 


counters; they count only in a direction of increasing 
states. When a  backward-counting sequence is desired a 
Be-raight binary counter, as that shown in Figure E-2, can be 
modified by taking the complement of the outputs (from Q) to 
give a decreasing state with each count. Notice that this 
is not possible with a feedback binary counter such as the 
fem counter of Figure E-3. This counter normaily counts 
from 0 to 9. Complement the output and it counts from 15 


down to 6; not 9 down to O. 


om iLL: “COURLeCES 


The counters used as examples thus far have been 
made up from discrete IC FFts and gates resulting in 
multiple package counters. AS IC technology advanced, it 
became pessible to fabricate entire counters in one MST 
package. The 7490 shown in Figure E-4 1S an example of a 


one package counter. 





PCs ts Lil 790, COUNTER 
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This is a ripple decade counter that consists of four 
master-slave FF's internally interconnected to provide a 
divide-by two or a divide-by five counter. By externally 
Gonnectinc the 91 output to the Clock 2 input, the FF‘'s are 
interconnected to give a ripple BCD-up direction counter. 
The input pulse stream is applied to the Clock 1 input anda 
the BCD OuLpmaE 1S taken 2t Ot °02, O04, and C&S. The counter 
meeereset to "0" py bringing both 0-Set inputs high. Inputs 
are also provided to reset a BCD 9 count for nine's 
complement decimal applications. It should be noted that 
all the 0~Set and 9-Set inputs must be grounded for normal 
counting operation. For multiple-decade operation this 
counter may pe cascaded by connecting the Q8 output of the 
mest Stage to the Clock 1 input of the next. At first this 
connection may seem in error Since the Q8 output is high for 
the count of 8 and 9. However, since the 7490 is a negative 
edge clocking unit, the pulse will only trigger the next 
decade when the present count goes from 9 to Q. 

Other one package asynchronous counters 
availiable include the 7492, 7493, and the 74142. All these 
counters have typical clocking rates of 18 MHZ and, as_ the 
lab exercises will show, they drastically reduce the 
interconnections necessary to realize a multiple decade 


Geunting circuit. 


TO PiuEi et increase your understanding Oa0 
asynchronous counters, perform the following lab exercises. 
Prior to setting up each circuit, look up and study the 
device specification sheet in one of the company manuals. 
This simple procedure will vastly improve your knowledge of 


integrated circuits. 
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a. Equipment 


Analog/Digital IC Trainer 

IC Breadboard 

Clock Module 

Binary Display Module 
Numerical Display wodule 
Digital circuits device manual 
One each: 7400 

Two each: 7476,7490 


PeeeeouLe= bit “binary Counter 


Make the circuit connections for the 4-bit 
Paar y Counter shown in Figure E-2. Connect the outputs of 
FF's A through D to the Binary Display Module and use the 
manual push button on the Clock Module as a clocking source 
for the counter. By operating the push button, verify the 
meri table Of Figure E-2. Do not confuse the Clear input 
of the 7476 with the Clock input. Both the Clear ana Set 
inputs may be left unconnected, but it 1S good engineering 
Biactice to connect them High. When the Clear input is 
grounded the FF will immediately go into the state with Q 
Low and Q High. Guo wate set AnouceWwel is aa verrhe 
Opposite results. Test th2 operation of these functions. 
Note that the Set and Clear inputs sSnould never be 


Simultaneously grounded, as a disallowed state will result. 
CoC UsAs yNcCiLOnous -COuUnter 


Modify the 44-bit binary counter to realize the 
BCD counter of Figure E-3. Operate the push button on the 
Clock Module and verify the truth table. By uSing the 
proper feedback, you should be able to convert this counter 


mieco any modulo number fron 1 to 10. Try it. 


df if 





dee toeis lf Counters 


Using the manufactures data sheet and Figure E-4 
as a guide, make a connection diagram of a two decade BCD 
counter uSing two cascaded 7490 counters. 3uild the circuit 
and verify 1tS proper dperation. Also check the operation 
of the 0-Set and 9-Set inputs. Replace the Binary Display 
Module with the Numerical Display Module and verify the 


proper operation of the counter and display. 
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F. SYNCHRONOUS COUNTERS 


1. Lesson Objectives 

This lesson will discuss the adivantag2s and 
disadvantages of syncaronous counters, and several examples 
of synchronous nodulo counters will be described. The 
benefits of combining synchronous and asynchronous elements 
in counter design will also be explained. Additionally, 
medium scale integration (MSI) 1¢ package counters will be 
described in detail with a decade counter used aS an 


example. 


ar Geer oo one eee eee ee ee ee 


A synchronous counter is one in which each element 
Gieeliv-flop (FF) is clocked in parallei and ail state 
changes occur simuitaneously VituMethe ~oelock piise. Since 
all FF's change simultaneously, the output of a synchronous 
Gounter can be taken in parallel form as opposed to serial 
form for ripple counters. Because the clocking action is 
not additively deiayed, it 1s easy to interface this type of 
counter with other circuits that are synchronized with the 
system clock. This is the primary advantage or a 
synchronous counter. some disadvantages are: the clock must 
have a fan out capable of supplying the many PFis that would 
be necessary in a long chain counter. AdoetrOnaLiy, ait the 
FF's must be capable of toggling at the maximum frequency 
expected. Tilece cu polemecouUntcr this Was noe necessary as 
only the first stage was exposed to the Maximum input 
frequency. AS with other engineering trade-orts, the 
advantages and disadvantages must be weighed on a case basis 
and the proper counter selected. Synchronous counters can 
he made to count up, down, or be switch selectable up or 


down. 
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de oOunto-4 Symennonous COUunter 


The simplest type of synchronous counter is the 
modulo type, where an input pulse stream is divided an 
integer number of times. A good example is the nodulo-4 


@ounter shown in Figure F-1. 


Ls 





Chat 


IN 


NOTE: Direct Set and Clear connected High. 
All FF's 7476 


PUG e) be tee ODULO—4 COUNTER 


This is immediately recognized as a synchronous counter Dy 
the fundamental property of parallel driven clock inputs. 
PreeeA has the J and K terminals hard-wired to Logic "1", 
This will cause it to togyle with each clock pulse. Since 
[eemOoutputc QO 1S tied directiy to the J and K inputs of FF B, 
it will cause B to toggle on every Second pulse. The result 
1S a counter which counts from 00 to 11, and then resets to 
See as Shown in the truth table. One restriction in using 
Mmeywel Clocxing FF's is that the input data cannot be changed 
Or altered except immediately arter clocking. At that time 
mee Can be Changed only once. This restriction iS satisfied 


in the counter shown in Figure F-1 since the input to FF B 
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Witl never change more than once per clock pulse and then 
normally within 25 nano-sSeconds (ns) of clocking. The 25 ns 
accounts for the manufacture's listed propagation time for 
the 7476 FF's used in this counter. 


Dee BCD Svncnronous Counter 


A further example of a synchronous counter is 


eaown 12n Figure F- 2. 


7408 





ROMiemborechmoculana lear Commecced High. 
All FF's 7476 


Count Sequence Table 





Here, through the use of external gating and feedback, a BCD 
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or decade counter 1S realized. The output of the counter 1s 
taken directly off the Q tarminals of the FF's with A being 
the least Significant bit. The truth table shows that the 


counter will reset to 0000 every ten clock pulses. 


c. Combination Synchronous Asynchronous Counter 


As the modulo number of the counter increases 
the number of external gates required to realize the counter 
also increases tcapidly. To alleviate this problem, a 
combination synchronous asynchronous circuit is used. 


Figure F-3 shows an example of a combination ECD counter. 


£} 





NOTE: Direct Set and Clear connected High. 
All FF's 7476 


Count Sequence Table 





FIG. F-3. COMBINATION BCD COUNTER 
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Here only two external gates are used, but the trade-off is 
@ non-synchronized counter. A close inspection of the 
circuit shows that FF A divides the input pulse stream by 
two, and FF's & through D tnen divide by five. The result 


fioeorr familiar BCD output. 
dd. eet nest ‘Countess 


The counters used as examples thus far have been 
made up from discrete [IC FFfs and gates resulting in 
multiple package counters. As IC technology advanced, it 
became possible to fabricate entire counters in one MSI 
package. The 74190 shown in figure F-4 is an example of a 


one package counter. 


+SVP 
MAX! MIN 


REPPLE LOAG 4 
CLOCK 
OUT 


UP/DOWN 
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ExGefs4. TEE 74196 COUNTER 


This iS a synchronous, presettable, cascadable, Up/Down 


Becade cOlunter, For aormal up counting operation, the Load 
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Should be High, Enable and Up/Down should be Low. The 
counter advances one count synchronously on each 
ground-to-positive transition of the input clock. fhe BCD 
@meput 1S taken at O11, Q2, Q4, and Q8. To preset the 
counter, a number is loaded in parallel on the load inputs 
mip L2, L4, and L8, and the Load input 1s briefly brought 
Low. Since there iS no Separate Clear input, the counter is 
cleared by loading all zeros. T° count down, the Up/Down 
input is made High. For fully synchronous multiple decade 
Operation, the Ripple Clock Output of the first stage is 
connected to the Enable of the second. All stages are 
synchronously driven Pe Om the input (end Moyo ae The 
MaXimum/Minimum count output can be used to accomplish 
look-ahead for high speed operation. Pe “produces “ae niah 
level output pulse with a duration approximately equal to 
one compiete cycle of the clock when the counter overflows 
or underflows. 

Other one package synchronous counters 
avalliabie include the 74160, 74192, 74161 and 74191. The 
last two are known as & bit binary counters as they divide 
the input by sixteen. All these counters have typical 
clocking rates of 20 MHZ, and as the lab exercises will 
clearly show, they drastically reduce the interconnections 


necessary to realize a multiple decade counting circuit. 


3. Laboratory Exercises 
TO further increase your understanding of 
Synchronous counters, perform the following lab exercises. 
Pemor tO setting up each circuit, look up and study the 
device specification sheet in one of the company manuals. 
This simple procedure will vastly improve your knowledg2 of 


integrated circuits. 


a. Equipment 


> 4 





Analog/Digital IC Trainer 

Ic Breadboard 

Clock Module 

Binary Display Module 
Numerical Display Module 
Digital circuits device manual 
One each: 7400, 7404, 7410 

Two each: 7476, 74190 


0. Modulo-4 Synchronous Counter 


Make the circuit connections for the smodulo-4 
Semiter Shown in Figure F-1. Connect the outputs of FF's A 
and b to the Binary Display Nodule and use the manual push 
button on the Clock Module as a clocking source for the 
@eum-er., By operating the push button, verify the truth 
maeoee Of Figure F-1. 


Ce wibeP SyYNeChHEONOUS COUNTeEr 
Modify the modulo-4 counter to realize the BCD 
Seumter of Figure F-2. Make the necessary additional 
@emiyections from FF's C and D to the Binary Display Module. 
Operate the push button on the Clock Module and verify the 
moemtm table of Figure F-2. 
ad. Combination Synchronous Asynchronous Counter 
Modify the synchronous BCD counter to realize 
the combinational BCD counter of Figure F-3 and verify the 
truth table. 


e. TTL MST Counters 


Using the manufactures data sheet and Figure F-4 


aS a guide, make a connection diagran of a two decade 


a2 





counter using two cascaded 74190 counters. Build the 
circuit and verify itS proper operation. Check the proper 
operation of the Up/Down modes. Replace the Binary Display 
Module with the Numerical Display Module and verify the 


proper operation of the counter and display. 
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See soHLFT REGISTERS 


1. Lesson Objectives 

Shift registers are an integral part of every 
computer. They are also used extensively to interface data 
between various binary devices. This lesson will describe 
their operating characteristics and provide some examples to 


aid in the understanding of these versatile devices. 


2. Discussion 

Meeshirt register iS §a group of two or more 
flip-flops cascaded togetner and wired so as to allow the 
contents of all stages to be shifted one stage at a time in 
the desired direction. Some of the more important uses of 
shift registers are to store information, to form counters 
Or frequency dividers, and to convert data from parallel 
form to serial form and vice versa. They are classified 
according to three basic considerations: their method of 
data handling (serial-in sSerial-out, serial-in parallel-out, 
Powallel-in serial-out, parallei-in parallel-out), their 
G@eeecction of data movement, (shift right, shirt left, 


bidirectional), and their bit length. 
a. Basic Shirt Register Classifications 
The form in which data is entered and removed 
from a group of FF's deternines the type deSignation of the 


register. The most basic of the four possible forms is the 


serial-in serial-out (S150), shown in Figure G-1. 
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CLOCK © 


ELGewGst. sours PN soe RT AL=OUL, SHE PEPREGISTER 


Here, four D flip-flops are cascaded to form a 4~hbit 
sequential memory that accepts one bit of information per 
stage. Since the FF's are cascaded, tne information is 
passed on in order of entry, and the first bit in is the 
erst bit out. A SISO register can be used to provide a 
bufrer between systems with different clock rates. he. 92s 
also used as a delay. Data at the input is delayed a total 
of n clock pulses, where n is the length of the register. 
This delay feature will be used later in this lesson to form 
a counter. 

A serial-in parallel-out (SIPO) register is 


Saown in Figure G-2. 





CLOCK o 


DGG wees kA ON BPAKALL EL —OULl SHIFT REGISTER 


Here, the serial data that 1S entered can be read out at 
each register stage. This is the primary purpose of this 
type of register as many arithmetic functions in a computer 
meee pertormed on “words in parallel forn. 

TO convert a word from parallel forn to serial 
Berm, a Parallel-in serial-out (PISO) register iS used. 


This type circuit is shown in Figure G-3. 





LOAD © 





Siew eae PRANOo bat N ote OUT SHIFT REGISTER 


fae anput circuitry allows the parallel word to be loaded 
only after activation of the LOAD line. Once a word is 
loaded it can be read serially at the output by applying 
four clock pulses. During these four pulses, no attempt is 
made to load another word as this would interfer with the 
word being read out. 

PiceleSteor the  fOUr ContIguratizons “ci shrit 


registers is shown in Figure G-4. 
PA OUTPUT °B OUIPUT oC OUTPUT °0 OUTPUT 
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Petes ou PARR oie OULN SHIFT REGISTER 


meee parallei-~in parallel-out (PIPO) register is not really 
operating asa shift register since no clock is required to 
Pieer Or read the data. In this configuration eath FF acts 


aS a one bit read/write memory. One application of this 
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circuit would be a holding register where a parallel word 
may be temporarily stored for use at a later time. 

Because of their importance in digital 
electronics, shift registers are availiable as complete 
integrated circuit packages as opposed to building up 
Gircuits trom discrete flip-flops. Most of these registers 
Sect Only to the right, while some shift only to the left. 
This means they are only capable of moving data in one 
direction. A few registers are made that shift in either 
direction on command. These registers, called 
bidirectional, have Separate Check; Shik e- ikew and - 
Shift~-right busses. 

The last form of classification is the number of 
bits per IC package. For example, a 16 bit shift register 
can be made by cascading two 8 bit shift register IC's. The 
number of bits that can be put into one Ic package is 
limited by the number of pins needed to interconnect then to 
the outside world. A SISO register needs only on? input and 
Smenoutput pin ror the data, so a register with eight bits 
imemavailiable. For a SiPO reqister csapable of bijirectional 
control, a pin is needed for the output of each stage as 
well as the control functions. This large number of 
external connections limits the 16 pin package to four bits. 
Figure G-5 shows a brief summary of some of the more popular 


shift registers that are availiable. 


Parallel 
Type Out? Parallel Load? 


Right 


Pre-set Saute Right 
Synchronous Right/left 


Preset only Right 
No Right 
Yes Right 
Synchronous Right 
Synchronous Right/left 
Synchronous Right 
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b. Shift Counters 


Since each stage of a shift register actS as a 
one bit memory, it can be interconnected to form a counter. 
Shift counters are a specialized form of clocked counters. 
In general, the shift counter results in outputs that may 
eaSily be decoded, and normally they require no gating 
between stages. A simple modulo-4 counter 1S made froma 4 


bit register as shown in Figure G-6. 





FIG. G-5. MODULO~4 COUNTER 


foot" 35 loaded into the first stage , it will take four 
Clock pulses to appear at the output. Since the Q output of 
the last stage is fed back to the input, the process repeats 
indefinitely. Note that a decade counter would take ten 
stages. This is not an efficient way to make a decade 
counter, however, no decoding of the output is necessary. A 
Slight modification of the circuit is made, as shown in 
Figure G-7, to produce a Johnson counter or ae switchtail 


ring counter. 








FIG. G-7. JOHNSON COUNTER 


Here, the complement of the last stage is fed back to the 
input so that with every colcking, the first stage becomes 
whatever the last Stage was not on the previous clock pulse. 
If we start with the register at 0000, the next clock pulse 
Will produce a 1000, followed by 1100, 1110, 1111 etc. it 
will take eight clock pulses to return to the initial state 
of 0000, so we now have a modulo-8 counter. Note that only 
one output changes for any clock pulse. This will eliminate 
any race problems on decoding. 

A major problem associated with shift counters 
is that of disallowed states. In any counting system made 
up of n Dinary storage stages, the total different possible 
stated is 2”. The counter of Figure G-7 has four stages or 
16 possible states. Since it is a modulo-8 counter, only 
half of the possible states are used. If one stage _ should 
mistrigger, and the wrong bit sequence should becone 
present, the counter would continue to circulate the wrong 
code until preset and corrected. This problem can be 
Overcome by the inclusion of automatic preseatting or 


SEm@mor~correcting logic. 


c. Pseudo-Randoa Binary Sequence Generator 
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Frequently the need arises for a completely 
random stream of bits. A serial-in paraillel-out snift 
register can be interconnected with one Exclusive OR gate, 
as shown in Figure G-8, to produce a pseudo-random sequence 


generator. 





ClEOeK 7486 


PCr GC Oo een ollie Po RUVO-RANDON SEQUENCER 


The output of this generator will be random but, will repeat 
every 2s DIES, ene rTelen CGUqals the number of £imp-flops 
used in the shift register. For the circuit of Figure G-8, 
the output will repeat after 31 clock pulses. Ifn is 
large, the output will appear to be completely randon. As 
an example, the Word and Random Number Generator Module has 
Ewemecgquivalent of a 60 bit shift register. i ae oe 
Peeudo-random generator is clocked at the 1 NHZ rate, the 
output will repeat every 365 centuries - truly random. 

Since there are 2” possible states in any given 
combination of binary memory devices, four shift registers 
Should give 32 states. In the circuit of Figure G-8&, there 
aS one disallowed state. A close look at the circuit will 


show that this disallowei state is 0000. 
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3. Laboratory Exercises 

To further increase your understanding of shift 
registers, perform the following lab exercises. PERUOE “tC 
setting up each circuit, look up and study the device 
specification sheet in one of the company manuals. This 
Simple procedure will vastly improve your kaowledge of 


integrated circuits. 
a. Equipment 


Pnakoo/Pigrtal IC Trainer 
YC Breadboard 

Clock Module 

Binary Display Module 
Numerical Display Module 
One each: 74175,7486 


be. Shift Counters and Pseudo-Random Sequencers 


Make the circuit connections for the modulo-4 
counter, saown in Figure 3-6, using one quadruple D-type FF 
(74175). Connect the outputs of the FF's to the Binary 
Display Module and the ciock input to the Clock Module. 
Load a "i" into the first FF and operate the push button on 
the Clock Module to verify the proper operation of the 
feeiiecul t. Ensure that the clear input on the 74175 is 
connected High. 

Modify the counter to realize the mnodulo-8 
Seuntec circuit of Figure G-7 and verify its proper 
operation. 

NOda hy sthemecirTreurt to realize the W=bit 
pseudo-random sequencer shown in Figure G-8. Connect the 


outputs of the four FF'Ss to one decade of the Numerical 
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Display Module. Clear the register and load a "1" in the 
first stage. Clock the register and record the output after 
each clock pulse. Verify that the sequence repeats after 31 
clock pulses. Load all zeros into the register and observe 
the results. 

As a final exercise, look up each of the shift 
registers outlined in Figure G-5 and compare their features. 
Expand the table to include more of their features, Such as 


Srocking Crate, number of pins etc. 
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H. DECODERS 


1. Lesson Objectives 
The ability to convert binary data into decimal 
form, and then display this information is the primary task 
accomplished by displav decoders. This and other uses of 


G@ecoaders will be discussed in this lesson. 


2. Discussion 

Decoders are an interconnection of gates that 
produce a desired output only when certain inputs are 
present. In their simplest form, decoders are classical 
examples cf combinational networks. Since the advent of 
medium scale integration technigues, decoders have heen 
divided intc two major categories. The one you are probably 
most familiar with is display decoders. These decoders 
generate specific alpha-numeric codes, such as seven-segment 
or decimal, from BCD sources. A BCD to seven-segnent 
decoder has been used frequently in earlier lessons. The 
second category of decoders is the logic decoder. These are 
often used to selectively address a memory system composed 
of several cascaded memory IC's. They are aiso used for 
data or clock routing, and as demultiplexers. The major 
difference between the two categories of decoders is their 
output levels. Display decoders have output voltages as 
high as 60 volts, whereas logic decoders have only TTL 


compatible outputs. 
a. Display Decoders 


One of the first display decoder IC's was the 
T4141, wvIxE tube decoder/driver. A BCD input is decoded 
into a one-of~ten output with an output voltage of 60 volts. 


The major disadvantage of this type of display is that the 





numbers within the tube are not on the same plane. 
Additionally, they were rather fragile, consumed a lot of 
power and were large in size. 

With the advent of the light emitting diode 
(LED), seven-segment decoders and displays have become 
popular. Here a BCD input is decoded to one-of-Sseven to 
drive the seven Segments of the display. The LED display as 
well as the decoder are available in either a common-anode 
or common-cathode configuration. The common-anode decoder 
can only be used with a common-anode LED display. The same 
is true for the common-cathode configuration. LED's are 
basically diodes With a forward voltage apareign (oe 
approximately 1.7 volits. Since they are current-operated 
devices, some means nust be provided to limit their current 
when they are operated on +5 volts. Cucrent limiting 
resistors are used between the decoder and the LED display 
to limit the current to 10-20 mA per Segment. For a 20 MA 
segment current, a standard value resistor of 180 ohms is 


used aS shown in Figure H-t. 
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Since the maximum allowable current and forward voltage vary 
sonewhat between manufactures, refer to the data sheet of 
the particular display for specific values. The value of 
the current limiting resistor is found by subtracting the 
forward voltage drop from 5 volts and then dividing by the 
nominal current per segment. 

Leading zero blanking is used in multi-digit 
displays to improve their legibility. elie iio ed aca ts. 
starting at the most Significant bit (MSB), are blanked out 
if their value 1s zero. Leading Zero blanking is 
accomplisned on the 7447 decoder by connecting the 
mepowe-blanking anput {R8i) of the MSB to ground. The 
ripple-bianking output (RBO) of this digit is then connected 


fPeomtne RBi of the next digit aS Shown in Figure H-2. 


SEVEN-SEGMENT DISPLAY 





Beet leUlS 


LLc wie MULT EPLE OTGET ZERO BLANKING CIRCUIT 


One additional feature of this and many otner display 


decoders is the "lamp test" connection. When this input is 
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grounded, all seven segments will light regardless of the 
state of any other input. 


b. Logic Decoders 
The logic decoder is most commonly used in 


memory addressing. The 2-line to 4-line decodet, shown in 


Figure H-3, is one of the simplest availiable. 


L6X4 


MEMORY 





HNABLE 


3 
WORD ADDRESS 64xX4 


O12 3 


PGs o Si. DECODER USED AS A MEMORY EXPANDER 


Here, the decoder is used to decode the two most significant 
bits of the memory address. This allows the expansion of a 
16 word memory to one of 64 words. The use of a 4-line to 
16-line decoder would allow this memory to be expanded to 


Meo wWOLrdS. By cascading a t-of-4 with a t~of-16, a 1-of-64 





decoder could be maae which could then be used to further 
expand this memory to 1024 words. One can easily see the 
great power otf the decoder in memory expansion. 

Another use of a 1-of-4 decoder is Shown in 


Figure H-4. 





FIG. H-4. FOUR PHASE CLOCK GENERATOR 


Here, a four phase clock signal is achieved from a single 
phase source. The output of the generator is non-overlaping 
TTL pulses. 


3. Laboratory Exercises 


TO LUurther increase your understanding of decoders, 


perform the following lab exercises. Prior to setting up 
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Seen circuit, look up and study the device specification 
sheet in one of the company manuals. This simple procedure 


Willi vastly improve your knowledge of integrated circuits. 
a. Equipment 


MiaLog/ Wigital PC Trainer 

Ic Breadbdoard 

Clock Module 

Switch Module 

Binary Display/Logic Probe Moduie 
Digiraie Gurcuits pevace Manual 
One each: 7476, 74155 


b. Logic Decoders 


Connect one 74155 2-line to 4-line decoder as a 
memory expander. Use the Switch Module to actuate the six 
word address lines. Substitute the Binary Display/Logic 
Probe Module for the memory. BY observing the Light 
Memepeey, Verify the ability of the circuit to properly 


address all 64 memory locations. 


Modify the circuit as necessary to produce the 
four phase clock generator shown in Figure H-4. Connect the 
outputs of the individual phases to the Binary Display/Logic 


Probe Module and verify the proper operation of the circuit. 





IT. OP-AMP CiRCUT DESIGN 


The large numkter of different op-ampvs availiable 
today has compounded the problem of selecting the proper 
Op~amp to provide optimum circuit performance. The problen 
seems to be further aggravated by lengthy data sheets 
containing two to four pages of statistics and graphs. The 
objectives of this lesson will be two fold: first, to review 
the most important parameters found in op-amp data sheets 
and second, to formulate a systematic procedure to be used 
in selecting the proper op-amp for the Specific design 
problen. This selection procedure will be applied to 
example problems in the design of inverting and 


non-inverting amplifiers as done in Reference 5. 
2. Discussion 
a. Open Loop Voltage Gain 


Open loop voltage gain (Avol or Aol) is defined 
as the ratio of the change in output voltage to the change 
in input voltage. It is highly freguency dependent as shown 
in Figure I-1. The equation used frequently to determine 
the closed loop gain of an inverting amplifier is Shown 


along with the amplifier configuration in Figure I[-2. 
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OPEN LOOP VOLTAGE GAIN 
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This equation is true only if the op-amp has infinite or 
Sameenely high Open loop gain. Since this is not true at 
high frequencies, the eguation connot be indiscriminately 
applied. For instance, with R2/R1=300 the closed loop) gain 
Pourad egual 300. However, at 10 KHZ, the open loop gain of a 
JAAT4I Op-amp is only 100. Since the closed loop gain can 
mewer be greater than the open loop gain, the answer of 300 


would be wrong. 
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To select the proper op-anmp, the following 


Simple eguation is used. 


SOHO). (Calan Gs 
X 


Ayol => eal nd 


y= closed loop gain desired 


x= % drop in gain at f MAX 


For example, to achieve a dc closed loop gain of 300 with a 
Gecrease in gain of 29.3% (3db) at 10 KHZ, an op-amp is 
reguired with an Avol at 10 KHZ of at least 


200 Cs500) = Bley 


A good possible cnoice would be aALAT4S Which has an Avol of 
1000 at 10 KHZ. 


b. Slew Rate 


Slew rate 1s defined as the maximum rate of 
change of output voltage with respect to time. It is 
usually specified in volts per microsecond and is a function 
of frequency and compensating capacitor value. At high 
frequencies the current required to charge the compensating 
Capacitor and the capacitance of the op-amp's internal 
Stages tends to limit the current available to succeeding 
stages or the output, thus decreaSing the slew rate. [In the 
design of multiple stage amplifiers, compensation should be 
done in the early stages where the voltage Swings are small 
and lower values of slew rate have less effect than in the 
final stages. In design applications where low output 


distortion is required, it must be remembered that the slev 
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rate determines the maxinum frequency for the desired output 
voltage swing. For an output voltage swing of Vpk at a 
frequency of fMAX, an op-amp must be selected with a slew 


rate in volts/microsecond given by 


Slew rate > 2 £MAX Vpk x 10 


c. Input Impedance 


The input impedance of an op~amp must be 
computed from the values listed on the data sheet called 
Input Resistance and Input Capacitance. This input 
resistance is the small signal resistance measured between 
the inverting and non-inverting terminals of the op-amp as 


SrovmM in Figure I-3. 





BG lao Ora AME TNC UT ehaP eB DANCE 


The Op-amp impedance denoted Z here is frequency dependent 
as one would expect. When the op-amp iS used in an 
aoplafier circuit, the overall Giro t impedance is 


Mependent on frequency, 2 and also circuit configuration. 
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As an example, let us use a JLi74 1 Op-amp in the 


non-inverting amplifiercircuit shown in Figure I-4. 


R2 


Ri 


CULES 
IN 


PEG. t—-o ON S-RUVoRtENG AMPLIFIER 


To compute the circuit input impedance the following 


equation is used: 


It can be seen from this equation that the amplifier input 
impedance is at least as great as the op-amp impedance, and 
can be much higher at low freguencies due to the high open 


loop gain at these frequencies. 
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Using this equation and the data given in Figures I-S and 
u=G, the dc input inpedance of the non-inverting amplifier 
Circuit with R2=9K ohms and R1=1 K ohms is 20,002 es eeronins 
The same circuit operated at 100 KHZ would have an open loop 
gain of 10 and the input resistance of the Oop-amp would drop 
to 1.8 M ohms. With an input capacitance given by Figure 


I-6 of 2 pF, the op-amp input impedance would be given by 


4 
i 1.8ia// EPC ehe) Decly > 


UE Soil kee 


Msanmg this value for Z in our original equation would give a 
Circuit input impedance of 


= 1.1Mn! 


5 HOKCOS 5) 
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It is obvious from this example that the input inpedance of 
the circuit must be computed for both the minimum and 
maximum frequencies of operation. The old stand-by of 
infinite input impedance should not be arbitrarily used. 

The change in input impedance of an dp-amp used 
epethe inverting configuration shown in Figure I-7 is not as 


spectacular as the previous example. 


VIN 


ZIN 





(INVERTING CONFIGURATION) 


FIG. I-7. INVERTING AMPLIFIER 


The input impedance of this circuit is computed as 


ne ee) 


pe i ° Ayoit4 


Since the op-amp input impedance 2Z appeares in both the 
humerator and denominator, its effect is minimal. The 
Circuit input impedance is at least the value of Ri and 


increases slightly at higher frequencies. For all practical 
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mebeicactons in Circuit design, it 1s Safe to assume that 
the input impedance of a inverting configuration amplifier 


is just R1. 
d. Output Impedance 


The output inpedance is defined as the impedance 
seen by a load at the output of the device. The value 
listed in data sheets is the open loop impedance and is 
USuaily less than 200 ohns. For theAjA/41 a value of 75 
ohms is listed. The closed loop output impedance is given 
by 





; , _ tout 
\ out 7 LTt+A 
closed vol X —RTER2 
loop 
and will increase as frequency increases. Since most 


circuits utilizing op-amps are voltage anplifiers as opposed 
to large current devices, the effect of output impedance 


Variations or load misnatch will be minimal. 
e. Input Offset Voltage 


Input offset voltage is defined as the voltage 
that must be applied to the input terminals to obtain zero 
Output voltage, and typically is on the order of a few 
millivolts. This 1S a very important op-amp parameter Since 
the input Signal must overcome the offset voltage before an 
output -1S produced. Additionally, with a common input at 
both terminals an unvanted output voltage will be produced. 
The amplifier gain increases the effect of offset voltage by 
an amount equal to the gain plus one. For example, if the 
Bacio Of R2 to Ki is 100, and the input offset voltage is 2 
nV (value FOXALATY A) the output voltage with zero input 
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will be 





= R2 
Vo ile Ri eon 
Vee CU ei. 


Pipi Of rset. Current 


Input offset current is defined as the 
difference in input bias current into the input terminals of 
the op-amp. This difference in bias current flowing thru 
the input resistors causes different voltage drops, and 
hence, an unbalance in input voltage. This tends to produce 
pomoutbut voltage for zerd input signal. The effect of 
input offset current iS minimized by the addition of R3 
between the non-inverting input and ground as _ shown in 


Paguce I-8. 


R2 


VIN | 
BO IG RY 
VOUT R1+R2 


O 
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R3 


PIG. I-8. INVERTING AMPLIFIER 
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The value of R3 is selected to equal the parallel 
Gombination of Ri and R2. The output voltage with zero 


input signal is now 


Mons R2X14- Where I,. = input offset current 


g. Common Mode Rejection Ratio 


Common mode rejection ratio is defined as _ the 
ratio of differential gain to common mode gain. It is an 
indication of the degree of circuit balance in the 
differential stages of the op-amp. If the stages were 
perfectly balanced, a common mode signal applied to the 
input terminals would be identically amplified on each side 
and produce zero output. As a rule of thumb, CURR should be 
at least 20 db greater than the open loop gain and usually 
iemenagher,. TheAfA741 has a CMRR of 90 db. The CMRR 
decreases with an increase in frequency because the open 
loop gain, the numerator of the ratio, also decreases with 


increasing frequency. 
heen ocapyLicy 


Although not an entry aS such on a data sheet, 
stability of an op-amp circuit must be understood to prevent 
unwanted oscillations. the Sitransfer functions for the 
inverting and non-inverting configurations are given by the 


following equations 
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Inverting: 





VIN 
Vout. : 7 —Ayjo, {v! rere 
Vin 22+ 21 Ayo! 
1+—_— 
Z2 
La) 


MelGe 2-9. TRANSFER FUNCTION FOR A INVERTING AN PLIFIER 


Non-inverting: 





Vout Avo.) 
Vin Avot!) Vour 
1+ 
22 
erat 


fede SS LRANSFER FUNCTION FOR A NON-INVERTING AMPLIFIER 


Using feedback theory and these transfer functions, it can 


be shown that both circuits will be stable if the magnitude 
of the tern 


Ayo1 @) 


tT 


is less than unity when its phase angle reaches 180 degrees. 
If Z1 and 22 are resistive elements, no phase shift wiil 
Occur and circuit stability will depend mainly on Avol(f). 


Peeaneecxatiple, in the circuit shown ain Figure I-10, for 
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R2=10K ohms and R1=1 K ohms 


Le = 11 at 0 phase 





When Avol(W) = 11 the tern 


Ayo @) _ 
1 —3t 





i 


From the open loop voltage gain curve of asA7T41 given in 
Figure I-11 we see that Avol(W) = 11 at a frequency of 


aproximately 70 KHZ. 


OPEN LOOP VOLTAGE GAIN OPEN LOOP PHASE RESPONSE 
AS A FUNCTION OF AS A FUNCTION OF 
FREQUENCY FREQUENCY 


Se) 


a) 


YOLTACE CAIN 


‘ PHASE = CCTUES 





tF bv DO bh Re CO OM KA i wv Ye eke» & tm LM tn 


FRIQUIR ACT - Ry 


LL Hy 


FREQLEAK Y - He ; 


Taiz 





From Figure I-12 at a freguency of 70 KHZ we note a_e phase 
shift of only 90 degrees, hence the circuit will be stable. 
If the phase shift is nore than 180 degrees with a unity 
gain we have three alternatives in correcting the 
instability. The easiest way would be to reduce the closed 
loop gain to a point where the stability criterion is 
Satisfied. Since this will not always meet our _ design 
objectives we could select another op-anp with better hign 
frequency response. If this is not feasible, we could use a 
compensating capacitor on the op-amp to change its open loop 
gain vs. frequency response. 

_ AS an example, a 44A777 op-amp is used in the 
inverting configuration of Figure I[-9 with Z2 and 2Z1 equal 


and resistive. As before 





Los ° 
1 + 77 2 at 0 phase 
When Avol(f)=2 the tern 
Ayo1 @) _ 
pez 
ZA 


From the open loop voltage gain curve of Figure I-13 we see 
that with a compensation capacitor (Cc) value of 30o0F, 
Avol=2 at a frequency of 500 KHZ. With Cc=3pF we note a 
meeaquency of 5 MHZ. 
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OPEN LOOP VOLTAGE GAIN — d& 
OPEN LOOP PHASE RESFONSE — DEGREE 





1 lv WO TA TOR Fk TM TOM 1 VO WU Yan Wa Ta TAT YOM 


FREQUENCY — Hz FREQUENCY -- Ha 
1-13 ele 


To determine the more stable circuit, we note in Figure I-14 
that at a frequency of 5 MHZ we have a phase close to 180 
degrees and the circuit 1S potentially unstable. fThe phase 
shift at 500 KHZ is close to 110 degrees, therefore, the 
compensation, Cc=30pF, should be used. 

It should be noted that larger compensating 
Capacitors are not the answer to all stability problems. A 
limit is reached where an increase in the size of the 
compensating capacitor reduces the slew rate of the circuit 
to the point of limiting the frequency response and 


producing a distorted output. 
3. Design Procedures 
a. iInverting Amplifiers 
With a better insight into op~amp parameters we 


are now ready to apply the knowledge gained to the design of 


inverting amplifiers as shown in Figure I-15. 
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R2 


Rl 
Vin OAV 


VouT 


R3 


PEG oe) - bocmeelNVERTING AMPLIFIER 


As with any design problem, a set of specifications will be 
given , or they can be formulated from circuit requirements. 


For this example, the rollowing specifications are assunei: 


Gain=9 

Minimum 3 db down frequency 10 KHZ 
Input resistance 10 K ohms 

Maximum input signal amplitude 2 Vpk-pk 
Maximum. de output offset voltage +65mV 
DEsGr Lit fron)? to 762 2Ces—95° wl 


For a gain of 9, the ratio of R2/R1 aust equal 
9. The first step 1s to determine the open loop gain 
necessary to meet the closed loop gain at the specified 
frequency. Using the eguation that follows, an op-amp is 
reguired that has an open loop gain of at least 28 db at 10 
KHZ. 
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Avol 


ee eee Yrs 200C1*9)  _ g>28db 
——— 29.3 


The next step is to compute the minimum slew 
rate reguired for the expected output voltage swing. Since 
the maximum input voltag2 specified is 2 Vpk-pk, the output 
will be 9 times greater or 18 Vpk-pk. 


ee -6. 
SLEW RATE > 271 finy Vk LO 0 aSo Vi 


The third step is to compute input offset 
voltage (Vos) and input offset current (Ios) that will meet 
the maximum dc output offset (Vo) reguirement of + 65 av. 
The dc output offset voltage for the circuit in Figure 1 
With R3=R1 in paraliel with R2 is given by the following 


equation: 


Vo = (1+ er Vos + R2xIog 


From this equation it can be ‘seen that Vo will be low if R2 
is small; therefore the smatlest possible value is chosen. 
It Was shown previousiy tnat for the inverting configuration 
the input resistance Rin is at least as great as R1. Our 
Specifications call for Rin=10K ohms; therefore, R1 1s 


selected so that 


Ri > Ryy > 10K ohms 
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If we choose R1=10K, R2 must egual 90 K ohms to achieve the 


reguired gain of 9. R3 will then egual R1 in parallel with 


R2 or 9 K ohms. With all the resistor values known we have 


and 


Yos 


The 


for 


Mops leo) Vevewes, COOst. pie 


for a maximum Vo of £65 mV an op-amp is needed such that 


and Ios give 


10Vog + (90x10°)I5, < 65mV = Vo (MAX) 


search for an op-amp is greatly Simplified by looking 


the following specifications: 


Vo (MAX) 65 
Vos =~ i gg ew) <— Oe om 
gee. OCU a ene ney 


90x10° 


The last reguirement is dc drift caused by a 


temperature change over the range of 0° to 709° Cc. Drift is 


given by 


¢ 


eee) alge = Vo (MAX) 
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where AVos and AIOS are changes in input offset voltage and 
current over the temperature range specified. These values 
are found on a data sheet in the form of graphs. 
TOeselecteatnie pLoper Of-anp start with the first 
and second reguirements listed in the summary below. This 
will eliminate many op-amps and the ones selected can then 


be checked against the renaining requirements. 


Avol228db at 10 KHZ 
Slew rate20.5V/,s 
Vos<6. Smv 
Ios<270nA 

Vos15nV 


The FaircnildAA741 op-amp meets all the above requirenmints. 
There are uSually other specifications such as_ Supply 
voltage and current, common mode rejection ratio, etc., that 
Should be considered. However, only a few op-amps will meet 
these five requirements and further selection can be easily 


made after the number of op-amps are narrowed down to a few. 
b. Non-inverting Amplifiers 
The design procedure One non-inverting 


amplifiers, shown in Figure I-16, is similar to that of 


inverting amplifiers. 
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PIG. I-16. NON-INVERTING AMPLIFIER 


For this example the following specifications are assuned: 


Gain=10 

Minimum 3 db down frequency 10 KHZ 
Input resistance 5 M ohms 

Maximum input signal amplitude 2 Vpx-pk 
Maximum dc output offset voltage +65 av 
Deregnittt trom 0° =to.7/0° C.S 15 mV 


Doma eGalimmOrmerOr tne ratio Of (R2Z*R1)/RT must 
equal 10. The first step, as before, is to determine the 
open loop gain necessary to meet the closed loop gain at the 
Specified frequency. Using the equation below an op-anp is 
required that has an open loop gain of at least 29 dbp at 10 
KHZ. 


The next step 1S to compute the mininun slew 
rate required for the expected output voltage swing of 20 
Vpk-pk.° 
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aaa 6 
SLEW RATE > 27£yqx Vpxxl0°° > 0.63 Vas 


The third step is to compute the input impedance 


mometene non-inverting configuration given by 





Avol 
Zin = 2014 1+ Re 
- Ri 


where Z is the op-amp input impedance. The design calls for 
an Opsamp input impedance of 5 M ohms up to at least 10 KHZ. 
We have already determined that Avol must be 29 db (or 28 
V/V) at 10 KHZ. By substitution in the above equation the 
required op-amp must have an input impedance at 10 KHZ of at 
medet the following: 


7, 
jh eee |) 5) ee 
> —hvol oS 1.3 M 
R2 To 
es ei] 


Figure I-17 shows the curves for input resistance and 


capacitance of a/ZA777 op-amp. 
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INPUT RESISTANCE — 2 
INPUT CAPACITANCE — pF 





O. 
100 1k 1k 100 k 1M 
FREQUENCY — Hz 


PiGate lies LNPUD hbo Polat em Vo FREQUENCY 


Input impedance iS easily computed as the parade! 
combination of these values at 10 KHZ. The value of 1.6 -M 
Ohms indicates this op-amp would meet our input impedance 
reguirements. 

Next we compute the dc output offset voltage for 


the circuit in Figure I-16 with R3=R1 in parallel with R2. 


R2 


Oe aie Pa 


Vos tk x los 





From this eguation it can be seen that Vo will be low if R2 


1s small; therefore the smallest possible value is chosen. 


RUSE 
eerie, ote 


If we choose R1i=10 K ohms; then R2=90 K ohms and R3=9 K ohms 


and we have 
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v 


Wig @ GLO es 2 CCU sa) se 


For a maximum Vo of + 65 mV an oOp-~amp is needed such that 


Vos and Ios give 


L0Vos + (100 x10°)los< 65mV 


The search for an op-amp is greatly simplified by looking 


for the following specifications: 


Vos <-$2 < 6.5mV 


—— ce) Se 


65 
Ios < i00 xo < 650 nA 


The last requirement is dc drift caused by a 
temperature change over the range of 0° to 709 C. Drift, as 


before, is given by 


AVo < llaVos + (100 x10°)alos < AVO(MAX) 15 mV 


where AVos andATIos are changes in input offset voltage and 
PuErent Over the temperature range specified. These values 
are found on a data sheet in the form of graphs. 


The selection of the proper op-amp is done as 
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before, starting with the requirements for Avol first then 


meee late, input offset voltage, input offset current, etc. 
4. Design Summary 
a. iInverting Amplifiers 


ie Determine tne open loop gain necessary to 


meet the closed loop gain at the specified frequency. 


Ayol poo es ie ale 


Tae Compute the minimun Slew rate reguired for 


the expected output voltage swing. 


: -6 
SLEW RATE > 27 funy Vok ot) 


3. Compute input offset voltage (Vos) and input 
offset current (Ios) that will meet the maximum Ac output 


offset (Vo) reguirement. 


Vo = (1+ aa Vos + R2xlos 


4, select several op~amps that meet the 





reguirements of the first three steps and then narrow dovn 


the choice by discarding those that do not meet the de drift 


specification. 


b. Non-Inverting Amplifiers 


ile Determine the open loop gain necessary to 


neet the closed loop gain at the specified frequency. 


og ins = Yh 


25 Compute the minimum Slew rate required for 


the expected output voltage swing. 


=6 
SLEW RATE > 271 funy Vok G18 


3. Compute the input impedance. 


Avo] 
R2 
ae 


ZIN= Lilt 


4. Compute input offset voltage (Vos) and input 
Seroet CUrrent (70S) that Wall meet the maximun cc ovtput 


offset (Vo) requirement. 
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Wig = (las aS Nos et ee los 


55 Select several op-~amps that meet the 
reguirements of the first four steps and then narrow dovwn 
the choice by discarding those that do not meet the dec drift 


specification. 


S23 


II. ADDITIONS TO THE ANALOG/DIGITAL IC TRAINE 


we @) 


o 


The Breadboard on the Analog/Digital IC Train2r provides 
iiemcapability for interconnecting 35 IC's. It was found 
however, that the 1.75 ampere rating of the +5 volt power 
supply limited the number of IC's that could be connected 
before overloading. The following section describes an 
entireiy new power supply system that was designed and 
implemented to overcome this limitation. Additionaly, a 
Seerion is included describing the Binary Display/Logic 
Probe Hodule. 
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A. MAIN FRAME 


1. Zatroduction 

The Main Frame is the "heart" of the Analog/Digital 
TC Trainer. It contains three built-in power supplies that 
provide power to plug-in modules through circuit board edge 
connectors. The Main Frame can accommodate up to five 
modules and a breadboard. The breadboard is used to aliow 
the rapid interconnection of aS many as thirty-five 
integrated circuits. Two different Hain Frames are 
availiable, the difference being the output rating of the 


power supplies. These different ratings are given in the 


Specifications helow. The higher power Main Frames are 
Seearly marked "5 amperes" on the front panel for easy 
identification. 


2. Qperation 

Select the Main Frame best suited for the power 
required. Most experiments that are included as part of the 
Analog/Digital IC Trainer lesson package can be accomplished 
on the lower rated Main Frame. If more than one Dasplay 
Module 1s to be used, or a large number of IC's are to be 
interconnected, the Main Frame marked "5 amperes" should be 
used. If in doubt, use the higher rated Main Frame. 

To operate the Nain Frame, turn the power switch, 
located on the back panel, to the "off" vosition and plug 
the cord into a standard 110 volt outlet. Insert modules as 
needed and interconnect them to the breadboard. Standara 
"banana" jacks are located on the front of the Main Frame to 
Meewrae +5, +t+15, and -t5 yolts for interconnecting to the 
breadboard as reguired. Make all connections to the modules 
and oreadboard with the power turned off. After connections 


are made, turn the power on. 
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3. Specifications 


Low Power Main Frame 


Input Power Voltage 110V AC 
Power 50 Watts MAX 
Output Power Voltage FOV VG at 2 tA 


#+15V DC at 500 mA 
~15V DC at 500 ma 


High power Main Frame 


Input Power Voltage 110V AC 
PoweL 100 Watts MAX 
Output Power Voltage +5V DC at 5S A 


#415V DC at 500 mA 
-~15V DC at 500 mA 


4. Circuit Description 


The schematic diagram of the lower reted power 
supply is shown on the following page. With S1 closed, line 
voltage is applied to the primary of transformers T1 and T2 
through fuse Ft1. The 15 volt secondary Vou eas Oe 
transformer T1 is rectified by full wave bridge rectifiers 
Sremeand CR2, and filtered by capacitors C1 and C2. iG 
WMomerge regulators Ul and U2 [ Ret. 6] regulate the voltage 
at #15 and -15 volts which is then applied to the five edge 
connectors and two banana jacks on the Main Frame. 

The 1Z2 volt secondary voitage of transforner T2 is 
rectified by the full wave bridge rectifier CR3 and filtered 
by capacitor C3. IC voltage regulator U3 [Ref. 6] regulates 
the output voltage to +5 volts through the external pass 
@eansistor Q1. The purpose of Q1 is to increase the 
reguiated output current to 2 amperes. Resistor R1 provides 


bias current for Q1. 
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The schematic diagcam of the high rated power supply 
is shown belcw. 


CR1 6 , O 
ding 











a bs 
eo CO) 
i> 
{24 
ates) 
ie Ze = ee 
Fi <4 1 
U3 
c7 pt oe C8 
} j . 
ipa ley ebee Vo 2.5 ANS U2 Fairchild 79MG 
T2 117/7.5 V@ 8.0 AMPS R1 10k ohms 
CR1 50 V Pav @ 6.0 AMPS R2 (ieee Clms 
093% 100 V Pav @ 25 AMPS R3 12.6 ohms 
C1&C2 2200nfda @ 50 VD RY 16 ohms 
C3&CH 10 mfd @ 25 VDC RS Oe? ons 
C5&C06 &500mfda See oS RO 5k ohms 
Cc? .33nfd @ 50 VDC ‘asl $7003 
c emi @ 50 VDC a2 2N2846 
U1&U3 Fairchild 78MG . Fi 1.5 AMPS 
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With switch S1 closed, line voltage is applied to the 
primary of transformers T1 and T2 through fuse Fl. Phe. ws 
volt secondary voltage of transformer T1 is rectified by the 
full wave bridge rectifier CR1. The positive and negative 
voltages, with respect to ground, are filtered by capacitors 
C1 and C2 respectively. Ic voltage regulators Ul and J2 
mies. ¢) form a dual tracking regulator with +500 mA 
capability. Resistors R1, R2, and R3 set the output voltage 
of the regulators at +15 volts. The output capacitors C3 
and C& are used to improve the transient response of the 
systen. 

Because Space linitations in the Main Frame 
precluded the use of a large transformer to supply the +5 
volts at 5 amperes needed, transformer T2 was selected and 
connected in a voltage doubler configuration. CR2 rectifies 
Onmewi.. VOlLt output of T2 which is then doubled and filtered 
by capacitors C5 and C6. Resistor R4Y setsS the portion of 
load current to be regulated directly by the IC regulator U3 
[Ref. 7]. The sSeries-pass transistor 01 is used to achieve 
the 5 amp output current of this power supply. Resistor R85 
is a short circuit sensing resistor that works in 
Sorgenction with O2 to protect Qt against short circuit 
damage. AS current through 85 increases above 5 amperes, Q2 
begins to conduct and reduces the base current in Q1, which, 
inh turn, réduces the output current, thus protecting 91. 
Resistor R6 sets the voltage output of U3 at 5 volts. The 
Output capacitor C8 is used to improve transient response 
While, capacitor C7 reduces the effect of the connecting 


line inductance on regulator performance. 
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Bees CLNAKY DISPLAY/LOGIC PROBE MODULE 


1. Introduction 

The Binary Display/Logic Probe Module permits the 
display of up to 16 binary TTL logic signals Simultaneously. 
Connections for this display are made through 16 individual 
Pees inputs or through one 16 pin logic clip. The Logic 
Probe portion of the module will indicate the logic State of 
a circuit connection touched with a sSingle-wire probe. 
Colored lights are used to indicate either “low", "high", or 


wopen'' circuit conditions. 


2. Operation 


The front of the Binary Display/Logic Probe Module 


is skown belox. 


PGi O ein LOW 


we, 
(C) PROSE 


ae Pp -—() 


1G0 


When plugged into an energized Main Frame, the module is 
Non". All 16 LED's grouped in the two rows will be on along 
Meech the yellow "open circuit" indicating LED. To use the 
binary display portion of the module, connect any of the 
individual pin inputs located on the front of the module to 
the circuit to be monitored. A logic clip can be used for 
the interconnection if it is piigoed into the 16 pin socket 
and the switch positioned toward the socket. The LED 
corresponding to the pin input will be on for a "high" input 
mma@eott for a “low” input. 

The Logic Probe portion of the module will display 
the logic level of a point ina system touched by the probe. 
The circuitry contains provisions to stretch an input pulse 
as short as 30 nano seconds, to one of 174 milliseconds. 
This allows pulses of short duration to be displayed by an 
LED. To test this portion of the module, touch the probe to 
the + 5 volt supply line. The yellow light will go out and 
@memeed Light will come on, indicating a "high" logic 
Semdition. Grounding the probe will cause the green light 
@emeowe On With ali other lights out. WARNINGS do™= Tot 
touch the probe to voltages higher than +5 volts or damage 


to tne module circuitry will result. 
Bee «Oo Ppecifications 


eS ee ee Ser ee ee ee pe 


Power reguirments 


Voltage Pom DS 15 VDC 
Current G30 mA MAX 
eye (a ie. ee) Bb 
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4. Circuit Description 


The schematic diagram of the Binary Display portion 
of the Module is shown below. 


CELP 
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ee / 1K ohms 
D1-D16 MV5020 
OU ek 
INPUT 
fo a 
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| 
| 
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INPUL ye K+ D16 


] 
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The selection of either logic clip or pin inputs is 
fide with swatch Si. With Si in the open position, logic 
level a is applied to the quadruple 2-input data 
selectors, U1-U4. This connects the logic clip directly to 
the hex-inverters U5 througn U7. The outputs of the 
gnverters are connected through current limiting resistors 


PaniOe@emthe LED'S. Weeh switch Sl in the "pins" position, 
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logic level "0" is applied to the data selectors, Switching 
them to the pin inputs. Resistor R17 is used for current 
famiting. 

The schematic diagram of the Logic Probe portion of 
the Hodule is shown below. 
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Resistors R1 through R6 form a voltage divider and 
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impeadance matching network which sets the non-inverting 
pe tO Ul at 14.27 volts, and the inverting input at 7.5 
volts with an "open" condition at the _ probe. In this 
eemdrtion, the output of Ut is approximately +7 voits. This 
+7 volts is reduced to +3.5 volts by the voltage divider R87 
and R8, and is then applied through inverter U2 to the 
WOpen" indicator. Resistors R9I-R1i1 are current limiters. 
If the probe is touched to any voltage betwean O and +5 
volts, the non-inverting input of U1 will fall below the 
anverting input, which will cause the output of U1 to go 
negative. In this condition, the “open” indicator will go 
Out. 

With the probe grounded or at logic level “0O", the 
oeemut Of Us will be High and the output of the lower half 
of U4 will be Low. The pulse stretching that iS necessary 
for the display of short puises is accomplished by U4. The 
Output of UI will be Low, cauSing the output oF U10 to ope 
foam and Util to be Low. This will light the green "low" 
indicator. 

With the probe at iogic level "1", the output of U3 
and the upper half of U4 will be Low. This action causes 
mtemoucput Of U5 to go High and U6 to go Low. U7? and U8 act 
aS a non-inverting buffer , so the low condition at the 
Sueput of UG causes the "high" indicator to light. If the 
input to the logic probe is a pulsed signal rather than a 
levei input, components Ci, C2 and R12, R13 set the duration 
of the output pulse, regardless of the duration of the input 


pulse. 
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